In female (XX) mammals, one of the two X chromosomes is inactivated to ensure an equal dose of X-linked genes with males (XY) 1 . X-chromosome inactivation in eutherian mammals is mediated by the non-coding RNA Xist 2 . Xist is not found in metatherians 3 (marsupials), and how X-chromosome inactivation is initiated in these mammals has been the subject of speculation for decades 4 . Using the marsupial Monodelphis domestica, here we identify Rsx (RNA-on-the-silent X), an RNA that has properties consistent with a role in X-chromosome inactivation. Rsx is a large, repeat-rich RNA that is expressed only in females and is transcribed from, and coats, the inactive X chromosome. In female germ cells, in which both X chromosomes are active, Rsx is silenced, linking Rsx expression to X-chromosome inactivation and reactivation. Integration of an Rsx transgene on an autosome in mouse embryonic stem cells leads to gene silencing in cis. Our findings permit comparative studies of X-chromosome inactivation in mammals and pose questions about the mechanisms by which X-chromosome inactivation is achieved in eutherians.
In female (XX) mammals, one of the two X chromosomes is inactivated to ensure an equal dose of X-linked genes with males (XY) 1 . X-chromosome inactivation in eutherian mammals is mediated by the non-coding RNA Xist 2 . Xist is not found in metatherians 3 (marsupials), and how X-chromosome inactivation is initiated in these mammals has been the subject of speculation for decades 4 . Using the marsupial Monodelphis domestica, here we identify Rsx (RNA-on-the-silent X), an RNA that has properties consistent with a role in X-chromosome inactivation. Rsx is a large, repeat-rich RNA that is expressed only in females and is transcribed from, and coats, the inactive X chromosome. In female germ cells, in which both X chromosomes are active, Rsx is silenced, linking Rsx expression to X-chromosome inactivation and reactivation. Integration of an Rsx transgene on an autosome in mouse embryonic stem cells leads to gene silencing in cis. Our findings permit comparative studies of X-chromosome inactivation in mammals and pose questions about the mechanisms by which X-chromosome inactivation is achieved in eutherians.
X-chromosome dosage-compensation mechanisms vary between metazoans 5 . In metatherians, X-chromosome inactivation (XCI) is imprinted, affecting the paternal X chromosome 6 , but the factors that drive XCI in these mammals are unknown 4 . The metatherian and eutherian female inactive X chromosomes share common epigenetic features [7] [8] [9] , suggesting that XCI in these mammals proceeds by a similar mechanism. Notably, the metatherian inactive X chromosome is enriched for histone H3 Lys 27 trimethylation (H3K27me3) [7] [8] [9] [10] . In eutherians, this H3K27me3 enrichment is Xist-dependent 11, . We therefore proposed that an unidentified X-linked RNA initiates XCI in metatherians 7 . Xist RNA is expressed in female but not male somatic tissues, coats the inactive X chromosome, and is expressed from the inactive X chromosome [12] [13] [14] [15] . We posited that a regulator of XCI in metatherians would also exhibit these unusual properties.
We analysed XCI in the female brain of the short-tailed opossum M. domestica. Using RNA fluorescence in situ hybridization (FISH), we studied the expression of the X-linked gene Hprt1 with a bacterial artificial chromosome (BAC), VM18-839J22, containing Hprt1 plus 49 kilobases (kb) of upstream and 82 kb of downstream sequence, and in which no other known genes mapped ( Fig. 1a ). RNA FISH signals usually appear as pinpoint dots. However, the RNA signal detected resembled a cloud ( Fig. 1a and Supplementary Fig. 1 ) that was reminiscent of the Xist RNA cloud seen in female mouse ( Fig. 1a ) and human cells 15 . We observed the same RNA cloud using a modified form of the BAC carrying an Hprt1 deletion (Fig. 1a ). The RNA therefore originated from another, uncharacterized gene located within the genomic region defined by VM18-839J22. RNA FISH using other BACs narrowed down this region to 82 kb downstream of Hprt1 (Fig. 1a ). We identified the RNA using reverse transcription PCR (RT-PCR) on female brain complementary DNA with primers located along this critical region ( Fig. 1b and Supplementary Table 1 ), revealing a transcription unit spanning 47 kb ( Fig. 1b) .
We then investigated whether the RNA exhibited other Xist-like features. First, we looked for evidence of sexually dimorphic expression. No RNA clouds were detected in male opossum brain by VM18-839J22 RNA FISH ( Fig. 1b ), demonstrating that in this tissue expression of the RNA was female-specific. Consistent with this, RT-PCR on male brain cDNA revealed no expression of the 47-kb transcript previously identified in females ( Fig. 1b ). RT-PCR on a broad array of tissues, representing derivatives of endoderm, mesoderm and ectoderm, from both males and females revealed expression of the RNA in all female but no male tissues examined ( Fig. 1b ).
Next, we established whether the RNA coats the inactive X chromosome. We combined VM18-839J22 RNA FISH on female brain cells with immunostaining fortheinactiveXchromosomemarker H3K27me3. We observed colocalization of RNA clouds and H3K27me3 signals ( Fig. 1c ), demonstrating inactive X chromosome coating.
To determine whether the RNA was expressed from the inactive X chromosome, we performed dual RNA-DNA FISH using the VM18-839J22 BAC. No RNA signal was seen colocalizing with the DNA signal on the active X chromosome (Fig. 1d ). By contrast, an RNA signal was observed colocalizing with the DNA signal on the inactive X chromosome (Fig. 1d ). This RNA signal was brighter than others in the surrounding cloud, a feature characteristic of a site of nascent RNA synthesis. Thus, the RNA is expressed only from the inactive X chromosome. This must be the paternal X chromosome, as this is always chosen for inactivation 6 . In summary, like Xist, the RNA that we identified is female-specific, coats the inactive X and is transcribed only from the inactive X chromosome. We call the RNA Rsx (RNAon-the-silent X).
To characterize Rsx further, we performed RNA-sequencing (RNAseq) on female opossum brain ( Fig. 2a ). This confirmed that the Rsx gene generates a precursor RNA of 47 kb (University of California Santa Cruz (UCSC) monDom5 coordinates: chrX 35,605,415-35,651,609) transcribed antisense relative to Hprt1. Split RNA reads indicated that Rsx encodes a spliced RNA consisting of four exons: this was confirmed by RT-PCR ( Fig. 2a and Supplementary Table 1 ). The RNA-seq data predicted that the mature Rsx RNA is large, approximating 27 kb, with 25 kb of sequence deriving from a single exon. Northern blots confirmed that Rsx RNA was large, exceeding the 17 kb mouse Xist RNA in size, and validated the strandedness, female-specificity and broadness of Rsx expression ( Fig. 2b ). The level of Rsx expression varied between female tissues, an observation also noted for Xist ( Supplementary Fig. 2 it was highly enriched in tandem repeats biased towards the 59 end of the RNA (Fig. 2c ) and exhibiting high GC content. The Rsx repeats included two highly conserved and similar motifs with the potential to form stem-loop structures ( Fig. 2c and Supplementary Fig. 3 ). RNA FISH using an oligonucleotide probe recognizing one of these repeats gave a cloud signal indistinguishable from that seen using the VM18-839J22 BAC, confirming that the repeats are included in the RNA that coats the inactive X chromosome (Fig. 2c) . The longest open reading frame (ORF) found for Rsx constituted less than 5% of the total RNA length, and was located in the repeat region, suggesting that Rsx functions as a non-coding RNA. We conclude that the Rsx and Xist RNAs display similar features.
RNA-seq has been used previously to identify new transcripts 16 . We speculated that analysis of RNA-seq data alone would identify Rsx as a candidate XCI RNA. An RNA with a role in XCI would be X-linked and expressed only in females, and should therefore be evident in a comparison of female and male transcriptomes. To identify X-linked genes with sexually dimorphic expression levels, we compared the numbers of reads mapping to each region of the X in the female with that in the male brain and expressed this as a female:male ratio (Supplementary Table 2 and Methods). When all transcribed regions on the X chromosome were examined, Rsx was an outlier, with a female:male ratio exceeding the second-ranked RNA by threefold ( Fig. 2d ). We repeated this RNA-seq approach on liver, in which the level of Rsx expression is low (Fig. 2b ). In this analysis, Rsx appeared second ( Supplementary Table 2 ). Thus, RNA-seq can be used as a preliminary discovery tool to identify RNAs involved in dosage compensation.
To investigate a link between Rsx RNA and XCI, we examined Rsx expression in the female germ line. In mice, Xist is expressed in somatic tissues but is silenced during oocyte development. This is accompanied by a loss of H3K27me3 from the inactive X chromosome and by X-chromosome reactivation [17] [18] [19] . Similar to other somatic cells, supporting cells in the ovary displayed Rsx clouds ( Fig. 3a) and XCI, as shown by X chromosome H3K27me3 enrichment ( Fig. 3b ) and monoallelic expression of the X chromosome gene Msn (Fig. 3c ). However, in germ cells, identified by HORMAD1 immunostaining 20 , Rsx clouds were absent (Fig. 3a) . Consistent with a relationship between Rsx expression and XCI, most meiotic cells had two active X chromosomes, with no X chromosome H3K27me3 accumulation (Fig. 3b) , and biallelic Msn expression ( Fig. 3c ). Rsx expression is therefore linked to X-chromosome inactivation and reactivation. 
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We next carried out experiments to address whether Rsx induces gene silencing. Xist transgenes function as ectopic X-inactivation centres in mouse embryonic stem (ES) cells, with Xist RNA coating the transgenic chromosome and inducing gene silencing in cis [21] [22] . We generated an XX ES cell line, 303.2, carrying a single-copy chromosome 18-integrated transgene expressing full-length Rsx RNA (Fig. 4a ).
We performed RNA FISH for Rsx and three chromosome 18 genes, Ndfip1, Prrc1 and Synpo, mapping near the transgene integration site, in differentiated 303.2 ES cells. We observed coating of the transgenic chromosome by Rsx RNA (Fig. 4b) . Although Ndfip1, Prrc1 and Synpo were biallelically expressed in control ES cells (Fig. 4b, c ), all three genes were silenced in more than half of the 303.2 ES cells (Fig. 4b, c ). Silencing also occurred in undifferentiated 303.2 cells, albeit in a lower proportion than seen after differentiation (Fig. 4c ). We conclude that Rsx expression can induce gene silencing in cis.
Finally, we looked for evidence of Rsx conservation among metatherians. Metatherians are divided into the South American and Australasian groups, which diverged 75-80 Myr ago. We identified expressed sequence tags (ESTs) with homology to opossum Rsx in two Australasian marsupials, the brushtail possum and tammar wallaby ( Supplementary Table 3 ). In support of a role in XCI, RT-PCR demonstrated that in both organisms these ESTs were expressed only in females ( Supplementary Fig. 4 and Supplementary Table 1 ). Rsx therefore originated before the major American-Australasian metatherian evolutionary split, indicating a common mechanism of XCI in all metatherians.
Here we identify Rsx, an RNA with properties suggestive of a role in metatherian XCI. Our findings indicate that RNA-mediated dosagecompensation mechanisms are widespread in the mammals. In eutherians, Xist is one of many non-coding RNAs expressed at the onset of XCI and colocated in the X-inactivation centre 23 . Our work identifies a candidate X-inactivation centre on the metatherian X chromosome and provides a point of focus for the identification of further RNAs that regulate XCI and ensure that it is imprinted. These studies will deepen our understanding not only of XCI, but also of the evolution and mechanisms controlling genomic imprinting in mammals. Supplementary Fig. 2 for controls, and Supplementary Table 1 for primers for probes.) Top left, femalespecific expression of an RNA greater than 23 kb. Middle, size verification of Rsx RNA by comparison with the 17-kb Xist RNA. Verification of the strandedness of Rsx transcription (sequences in Supplementary Table 1 ) is shown in the right two panels. Bottom, multi-tissue blot showing female-specific Rsx expression in all tissues. c, Comparison of repeat organization with that of Xist by sequence-similarity plots, window size 5 28 nucleotides (grey area represents the unsequenced 2.8 kb). The 59 12-kb stretch of repeats includes two highly conserved 34-and 35-base motifs ( Supplementary Fig. 3 for predicted 34-base stem-loops). RNA FISH using a repeat probe (green) colocalizes with the VM18-839J22 BAC (red; antisense probe sequence, Supplementary Table 1 ). A sense probe generates no signals (data not shown), confirming the transcriptional orientation of Rsx. Scale bar, 5 mm. d, Adjusted female:male ratios inferred from brain RNA-seq data identifying Rsx as a candidate XCI RNA (Methods). The second highest ranking RNA, ENSMODG00000003195, was found by RT-PCR to not be female-specific in other tissues, so can be excluded as an XCI candidate.
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Our results raise questions about the epigenetics of eutherian XCI. Xist RNA has been proposed to spread along the X chromosome by long interspersed elements (LINEs), which are abundant on the X chromosome 24 . Genomic analyses have concluded that the opossum X chromosome is not enriched in LINEs 25 , however Rsx RNA can nevertheless coat the inactive X chromosome. Thus, other factors, such as nuclear matrix and scaffold proteins 26 , may be more important primary determining factors for Rsx and potentially Xist spreading than LINEs. In addition, a study has found that in mice, imprinted inactivation of some X-linked genes proceeds in the absence of Xist 27 (but see also ref. 28) . It is therefore essential to determine whether an Rsx orthologue is present in eutherians and, if so, whether it is expressed and contributes to imprinted XCI in these mammals (Supplementary Discussion).
Previous work has shown that epigenetic features of XCI are conserved between metatherians and eutherians [7] [8] [9] . Although Rsx and Xist are not homologous, arising independently during evolution, they exhibit similarities in secondary sequence features. Thus, many aspects Figure 4 | Autosomal gene silencing in mouse ES cells by an Rsx transgene. a, In Rsx transgenic female ES cell clone 303.2, the full-length Rsx transgene is expressed, as shown by RT-PCR spanning all exon-exon boundaries and by M3 (see Fig. 1 ) RT-PCR. b, Rsx RNA appears as a cloud in 303.2 cells, indicating autosomal coating. RNA FISH for three chromosome 18 genes, Ndfip1, Prrc1 and Synpo, shows that this coating induces gene silencing in differentiated cells (left column), whereas in other differentiated cells silencing does not occur (middle column). Wild-type (WT) ES cells show biallelic expression for each chromosome 18 gene (right column). TG, transgenic. Scale bars, 5 mm. c, Quantification of gene silencing (n . 100 cells per gene) in differentiated 303.2 cells versus controls (see Supplementary Table 1 for PCR primers for chromosome 18 RNA FISH probes). RNA FISH for the chromosome 9 gene Atr serves as a positive control.
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of the XCI pathway seem to have evolved convergently in metatherians and eutherians. With this in mind, it will be interesting to establish whether Rsx and Xist can replace one another in the XCI process. These experiments, as well as those that directly test the role of Rsx in metatherian XCI, would benefit from a genetically manipulable in vitro method for studying XCI in metatherians, akin to the ES cell system used in eutherians. The application of somatic cell reprogramming techniques 29 to marsupials should now make this achievable.
METHODS SUMMARY
RNA FISH, DNA FISH and immunostaining were performed as described elsewhere 30 . RNA-seq was performed on an Illumina HiSeq 2000 sequencer. Repeats were predicted using CisFinder.
